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Abstract

Our understanding on the interplay between gene functionality and gene arrangement at different chromosome scales relies
on a few Diptera and the honeybee, species with quality reference genome assemblies, accurate gene annotations, and abun-
dant transcriptome data. Using recently generated ‘omic resources in the monarch butterfly Danaus plexippus, a species with
many more and smaller chromosomes relative to Drosophila species and the honeybee, we examined the organization of
genes preferentially expressed at broadly defined developmental stages (larva, pupa, adult males, and adult females) at
both fine and whole-chromosome scales. We found that developmental stage-regulated genes do not form more clusters,
but do form larger clusters, than expected by chance, a pattern consistent across the gene categories examined. Notably,
out of the 30 chromosomes in the monarch genome, 12 of them, plus the fraction of the chromosome Z that corresponds
to the ancestral Z in other Lepidoptera, were found enriched for developmental stage-regulated genes. These two levels
of nonrandom gene organization are not independent as enriched chromosomes for developmental stage-regulated genes
tend to harbor disproportionately large clusters of these genes. Further, although paralogous genes were overrepresented in
gene clusters, their presence is not enough to explain two-thirds of the documented cases of whole-chromosome enrichment.
The composition of the largest clusters often included paralogs from more than one multigene family as well as unrelated
single-copy genes. Our results reveal intriguing patterns at the whole-chromosome scale in D. plexippus while shedding light
on the interplay between gene expression and chromosome organization beyond Diptera and Hymenoptera.

Key words: chromosome organization, gene clustering, expression profiles, sex-biased expressed genes, Lepidoptera,
insects.

Significance

In eukaryotes, chromosome location and gene cluster formation are nonrandom properties often influenced by expres-
sion attributes. In insects, this topic has been examined in closely related Dipteran species and the honeybee. In the
Lepidopteran Danaus plexippus, a species with 31 chromosomal elements of varying sizes, we analyzed how genes
with different expression trends across the species’ life cycle are organized at fine- and whole-chromosome scales.
We found robust patterns of nonrandom gene organization at both scales, notably with a large fraction of monarch
chromosomes showing enrichment for genes with the same expression trend. Together, our findings highlight how dif-
ferent gene function, assessed here as developmental stage—regulated expression, is intertwined at different scales with
the chromosome organization in D. plexippus.
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Introduction

In eukaryotes, gene location across the genome is not entirely
random (Hurst et al. 2004). Genes with similar expression
profiles often colocalize in the same genomic neighborhood,
a feature observed in model organisms and humans
(Boutanaev et al. 2002; Lercher et al. 2002; Williams and
Bowles 2004; Semon and Duret 2006). This coexpression re-
sults primarily from a variety of mechanisms, including bidir-
ectional promoters, shared local chromatin states or
regulatory sequences, and exposure to promiscuous cis-
regulatory elements or to the same set of trans-acting factors
(Kustatscher etal. 2017; Zinani et al. 2022). Although cluster-
ing of coexpressed genes has been found for functionally re-
lated genes such as those participating in the same pathway
(Lee and Sonnhammer 2003), it often involves nonfunction-
ally related genes (Williams and Bowles 2004; Weber and
Hurst 2011; Kustatscher et al. 2017). Expression similarity be-
tween neighboring genes decreases with physical distance
(Quintero-Cadena and Sternberg 2016), although long-
range coregulation in cis is well documented (Ghavi-Helm
etal. 2014; Kustatscher et al. 2017). The basic notion that ex-
pression similarity is adaptive, thus explaining a sizable frac-
tion of the clustering among coexpressed genes, has been
increasingly challenged. This has been the case when how
structural variants impact the integrity of coexpression clus-
ters is considered (Weber and Hurst 2011), when coexpres-
sion clusters are disrupted with genome engineering tools
(Meadows et al. 2010), or when protein levels—and not
only mRNA levels—are analyzed (Kustatscher et al. 2017).
Nevertheless, clusters of coexpressed genes represent a com-
mon feature to the genome organization in eukaryotes, hav-
ing important implications for gene regulation, being
perhaps beneficial for other reasons such as expression noise
reduction (Kustatscher et al. 2017; Zinani et al. 2022).
Despite the large share that insects represent relative to all
eukaryotic diversity, the interplay between chromosomal
gene organization and gene functionality has been primarily
examined in Drosophila melanogaster and some of its close
relatives (Boutanaev et al. 2002; Mezey et al. 2008; Weber
and Hurst 2011) and in only one non-Dipteran species,
Apis mellifera (Duncan et al. 2020). The order Lepidoptera
(butterflies and moths) accounts for 11.34% of all animal
species (Banki et al. 2024). In lepidopterans, the haploid kar-
yotype mode is 31 and thought to reflect the ancestral
chromosomal complement in this order (Robinson 1971),
being substantially higher than that of Drosophila species
(n=4to 6) and A. mellifera (n = 16). Lepidopterans possess
holocentric chromosomes sometimes coupled with inverted
meiosis (Lukhtanov et al. 2018; Mandrioli and Manicardi
2020) and exhibit achiasmatic meiosis in the females
(Marec 1996; de Vos et al. 2020). With few exceptions
(Hill et al. 2019; Mackintosh et al. 2022), the gene content
of the Lepidopteran chromosomes is well conserved even

among distantly related lineages (Yasukochi et al. 2006;
Heliconius Genome Consortium et al. 2012; Ahola et al.
2014; Hill et al. 2019). Although Lepidoptera genomics has
developed substantially in the last two decades (Ellis et al.
2021), the functional aspects of gene organization in the
genome of this species order remain elusive. Notably, in
Pieris napi, one of the few species in which synteny conser-
vation does not hold (Hill et al. 2019), it was documented
that genome regions with conserved gene order between
this species and Bombyx mori were enriched for genes
with particular functional gene annotation terms, pointing
to some sort of functional constraint shaping the evolution
of the chromosomal gene organization between the two
species. Whether additional patterns of nonrandom gene or-
ganization exist in connection with the transcriptional pro-
gram in Lepidoptera in which synteny conservation holds is
unknown.

Recently, a highly contiguous genome assembly
(DpMex_v1), an enhanced gene annotation (OGS1_DpMex),
and a transcriptome atlas have been generated in the iconic
species Danaus plexippus (Ranz, Gonzélez, et al. 2021).
Leveraging these resources, we aimed at understanding the
interplay between chromosomal gene organization and
gene functionality during the life cycle of this species. The
karyotype of D. plexippus consists of 30 chromosomes, with
the Z chromosome being the result of a fusion between the
ancestral heterochromosome Z to the lepidopterans and an
ancestral autosome (Mongue et al. 2017). Although generally
small, the chromosomes of the monarch and other
Lepidoptera differ substantially not only in their length but
also in gene number and density (Ranz, Gonzalez, et al.
2021). Here, we address whether gene functionality, assessed
as developmental stage—regulated expression, is randomly
distributed both between and within D. plexippus chromo-
somes, finding conspicuous evidence that it is not the case.
Our findings add to those previously reported in Diptera and
Hymenoptera, pointing to a common feature about how a
fraction of genes is nonrandomly organized in the genome
of holometabolous insects.

Results

We took advantage of a recently constructed RNA-
seg-based transcriptome atlas in D. plexippus (Ranz,
Gonzalez, et al. 2021). This atlas included four types of
RNA samples obtained from individuals belonging to differ-
ent larval and pupal stages and from anatomical parts of
adult male and female individuals, thus defining four broad
developmental stages (larva, pupa, males, and females).
These RNA samples, although ribodepleted, were not
polyA enriched, hence more likely including transcripts of
INcRNA genes, which have been shown to be relevant for
gene regulation and phenotypic change (Bonasio and
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Shiekhattar 2014; Wen et al. 2016; Zhu et al. 2021). Out of
14,685 genes considered, 2,732 (2,605 coding and 127
IncRNA) were found to be preferentially expressed (5%
false discovery rate [FDR] and a fold-change >2) at one of
the broadly defined developmental stages considered:
1,174 during larva stage; 835 during pupa stage; 582 in
adult males; and 141 in adult females (Ranz, Gonzalez,
et al. 2021; Materials and Methods). We tested for the
nonrandom distribution of these developmental stage—
regulated genes within and across the chromosomes of
D. plexippus (Fig. 1).

Developmental Stage-Regulated Genes Form Larger
Clusters than Expected by Chance

We characterized clustering properties of developmental
stage-regulated genes at a fine-chromosome scale and
three threshold distances between each two neighboring
genes part of the same cluster. This distance was measured
as the number of intervening genes: <1 gene, <5 genes,
and <10 genes. Examining clustering properties at three
distances accounts for expression similarity not only
resulting from genes belonging to a similar chromatin do-
main or exposed to a common regulatory environment
(Kustatscher et al. 2017; Szabo et al. 2019) but also
from long-range coregulation (Ghavi-Helm et al. 2014;
Kustatscher et al. 2017).

We performed Monte Carlo simulations in which the
gene order was shuffled within each chromosome (n=
1% 10% nominal adjusted P=0.05; identical settings
were applied to all subsequent sets of simulations) to deter-
mine the extent to which the observed patterns of gene
clustering at a fine-chromosome scale can be found by
chance alone (supplementary table S1, Supplementary
Material online). Nearly half (1,353/2,732) of all develop-
mental stage-regulated genes formed clusters at a distance
of <1 intervening gene (P,g < 1.25x 107% average ex-
pected =654). This percentage increases to 77.4%
(2,144/2,732) when the threshold distance in number of
intervening genes increases up to 10 genes (Paqj < 1.25 X
10~% average expected = 1,989). When comparing differ-
ent expression biases, genes preferentially expressed in lar-
val and pupa stages cluster significantly more often than
genes preferentially expressed in adult males and females
(four-sample test for equality of proportions, Pag<1x
1073 for each threshold distance; Fig. 2a; supplementary
table S2, Supplementary Material online). Across increas-
ingly higher threshold distances, the proportion of genes
with preferential expression in larva, pupa, and adult males
significantly increases, a pattern not observed for female
preferentially expressed genes (three-sample test for equal-
ity of proportions, Pagj< 1 x 107> for each expression bias
but for female preferentially expressed genes; Fig. 2a;
supplementary table S3, Supplementary Material online).

This tendency of developmental stage-regulated genes
to cluster within chromosomes is also reflected for some ex-
pression biases and threshold distances in the form of clus-
ter sizes being larger than the maximum expected by
chance (supplementary table S1, Supplementary Material
online) but not in the form of a disproportionally high num-
ber of clusters. Only in the case of the threshold distance
<1, the number of clusters is higher than expected by
chance (observed =481 vs. average expected = 300; Pyqj
<3%x10™* at <5: 579 vs. average expected =561, Pagj=
0.16; at <10: 574 vs. average expected =608, P,g=
0.999; Fig. 2b; supplementary table S1, Supplementary
Material online). This absence of significant increase in
number of clusters at higher threshold distances is consist-
ent across expression biases (three-sample test for equality
of proportions, P,g > 0.05 for each threshold distance;
Fig. 2b; supplementary table S4, Supplementary Material
online), partially resulting from any formation of additional
clusters being offset by the merging of adjacent clusters ex-
isting at lower threshold distances. Nevertheless, at all
threshold distances, there are significant differences in
the proportion of clusters across expression biases, with lar-
va preferentially expressed genes forming the largest num-
ber of clusters (four-sample test for equality of proportions,
Pagj < 1% 1073 for each threshold distance; Fig. 2b;
supplementary table S5, Supplementary Material online).

Overall, the dichotomy shown by developmental stage—
regulated genes in relation to the size and number of
clusters is reflected in the fact that the quasi-monotonically
decreasing trend in number of clusters as cluster size
increases is not precisely mirrored by the number of clusters
when these harbor >10 genes at any of the three threshold
distances considered (Fig. 3).

Almost Half of the Monarch Chromosomes Are Enriched
for Life Stage and Sex-Specific Expression Biases

Under the null hypothesis, no evidence of enrichment for
developmental stage-regulated genes should be found at
a whole-chromosome scale. Our approach should never-
theless detect the known enrichment for male-biased genes
on the ancestral (anc) but not on the novel (neo) portion of
the Z of D. plexippus (Ranz, Gonzélez, et al. 2021), thus re-
flecting incomplete dosage compensation in the former but
notin the latter portion of this heterochromosome (Gu et al.
2019; Ranz, Gonzélez, et al. 2021). In Lepidoptera, females
are the heterogametic sex so that genes on the anc-Z are ex-
pected to be underexpressed in female versus male tissues
in the absence of complete dosage compensation (Mank
2013).

We performed Monte Carlo simulations in which the
gene order was shuffled across chromosomes, finding 15
and 20 instances of significant enrichment and depletion
at whole-chromosome scale, respectively, for particular
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Fic. 1.—Chromosomal distribution of genes with preferential expression in one of the broadly defined developmental life stages considered in

D. plexippus. Genes with different expression biases are shown: L, larva; P, pupa; M, adult male; F, adult female. The graph was generated with the online

tool PhenoGram (http:/visualization.ritchielab.orgy).
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Fic. 2.—Developmental stage-regulated genes form clusters across the chromosomes of D. plexippus. a) Percentage of developmental stage-regulated
genes that are part of clusters across three threshold distances. The distance between constituent genes of clusters is measured as the number of intervening
genes between them, which can be 1 or less, 5 or less, or 10 or less. Significant differences were found in the proportion of clustered genes across develop-
mental expression biases for each threshold distance (supplementary table S2, Supplementary Material online) and in the proportion of clustered genes across
threshold distances for each expression trend but for female preferentially expressed genes (supplementary table S3, Supplementary Material online).
b) Percentage of clusters harboring developmental stage—regulated genes with a given expression bias relative to the total number of clusters at each threshold
distance, which is indicated on top. The proportion of clusters does not increase significantly with the threshold distance for any of the expression biases
(supplementary table S4, Supplementary Material online), whereas, for each threshold distance, there are significant differences in the proportion of clusters
among expression biases (supplementary table S5, Supplementary Material online). The different developmental expression biases are shown: L, larva; P, pupa;

M, adult male; F, adult female.

developmental stage-regulated gene categories (Fig. 4a;
supplementary table S6, Supplementary Material online).
In total, 21 out of 31 chromosomal elements showed pat-
terns of nonrandom gene distribution, with 13 of them
(~42%) showing patterns of enrichment for particular ex-
pression biases. Eleven chromosomes showed exclusivity
in the kind of overrepresentation, e.g. only enrichment
for larva-biased expressed genes (chromosome 28), as op-
posed to a mix of patterns of enrichment such as in the
case of chromosome 77, which is enriched for both larva-
and pupa-biased expressed genes.

Among the patterns of enrichment was the expected ex-
cess of adult male- and deficit of adult female-biased genes
on the anc-Z (Fig. 5). Unexpectedly, however, we also
found enrichment for male-biased genes in autosomes
24, 26, and 30 and enrichment for female-biased genes
in autosomes 2, 21, and 27. Departures from the random
expectation were substantial in many cases. For example,
in the case of enrichment for male-biased genes, chromo-
somes 24, 26, and 30 harbored 122%, 194%, and
282%, respectively, more of such genes than expected by
chance (observed vs. average expected in the simulation
data: 34 vs. 15; 30 vs. 10; and 43 vs. 11, respectively). For
these autosomes, and unlike with the anc-Z, incomplete
dosage compensation cannot be invoked to explain male-
biased expression.

The nonrandom patterns documented are robust to the
exclusion of INcRNAs, as shown by an additional set of simu-
lations (Fig. 4a; supplementary table S6, Supplementary

Material online). Equally important, our ability to detect devi-
ating patterns in relation to the random expectation was not
impacted by the unequal number of genes across the four
categories considered as shown by the lack of correlation be-
tween such number and the number of deviating cases, both
when depletion and enrichment at whole-chromosome scale
are considered jointly or separately (Fig. 4b). Together, these
findings are suggestive of a preferential localization of devel-
opmental stage-regulated genes with given expression
biases in almost half of the D. plexippus chromosomes.

Enriched Chromosomes for Developmental Stage—
Regulated Genes Tend to Harbor Larger than Expected
Gene Clusters

Whole-chromosome enrichment for developmental stage—
regulated genes might be associated with gene clustering at
a fine scale as the probability of physical aggregation should
increase with the number of these genes on the same chromo-
some. Accordingly, we investigated whether the relationship
between the overrepresentation of these genes at whole-
chromosome scale translated into a proclivity to form more
clusters, larger clusters, or both, in relation to the random ex-
pectation, this time paying attention to each individual
chromosome. For the 15 cases of whole-chromosome scale
enrichment for developmental stage-regulated genes, and
the three threshold distances previously indicated, Monte
Carlo simulations in which the gene order was shuffled within
each chromosome showed that the observed number of
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Fic. 3.—Magnitude of the clustering of developmental stage—regulated genes within the chromosomes of D. plexippus. a) Number of genes in clusters.
b) Number of clusters. Both metrics are plotted as a function of cluster size, which is measured in number of constituent genes. These clusters were delineated
at three different threshold distances (from top to bottom) between adjacent genes part of such clusters. This distance was measured as the number of inter-
vening genes: 1 or less, 5 or less, or 10 or less. Clusters harboring 10 or more genes were grouped. The total number of genes clustered and the number of
clusters at each threshold distance are indicated on the top center of each chart. The different developmental expression biases are shown (top right legend): L,

larva; P, pupa; M, adult male; F, adult female.

clusters never exceeded the random expectation (P,q > 0.05
across individual chromosomes and threshold distances;
supplementary table S7, Supplementary Material online).
Reassuringly, none of the remaining whole chromosome by
expression bias combinations, i.e. those not showing evidence
of significant global enrichment, showed a higher number of
clusters than expected by chance.

But beyond the number of clusters, other metrics including
the number of genes in clusters and the average cluster size
might differ between whole chromosome by expression bias
combinations showing enrichment for developmental stage—
regulated genes and those combinations not showing enrich-
ment. We tested this possibility, finding a higher fraction of
genes forming clusters in chromosomes showing such en-
richments than expected, although only at a threshold dis-
tance <1 (Pyg=0.011; P,g>0.05 for other threshold
distances; supplementary table S8, Supplementary Material
online). The only consistent difference across threshold

distances between chromosomes enriched for particular
categories of developmental stage-regulated genes and
those that are not enriched was that the former harbored
significantly larger clusters than the observed average size
(Pagj<0.05 across distances; supplementary table S8,
Supplementary Material online). Collectively, these results
suggest that the above reported tendency of particular cat-
egories of developmental stage-regulated genes to form lar-
ger clusters than expected by chance at a fine-chromosome
scale is tightly associated with the overrepresentation of
such genes at a whole-chromosome scale.

Paralogous Genes Contribute to Nonrandom Patterns of
Fine-Scale Gene Clustering but Not to Those at the
Whole-Chromosome Scale

Duplication bursts can contribute to the formation of large
clusters of genes (Laukaitis et al. 2008; Shipilina et al.
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2022), which can display a similar expression bias during par-
ticular life stages if they retain common cis-regulatory se-
guences (Boutanaev et al. 2002; Kustatscher et al. 2017).
We assessed how the presence of paralogs contributed to
the nonrandom patterns of gene organization found at
fine- and whole-chromosome scales. Here, paralogs are
those that belong to the same orthogroup as delineated
previously by OrthoFinder (Ranz, Gonzdlez, et al. 2021). We
found at least two or more paralogs in 32.6% (157/481)
clusters at a distance of <1 intervening gene, a percentage
that decreases slightly but significantly at higher distances
(26.1% at <5 and 26.0% at <10; three-sample test for
equality of proportions, »*=7.38, df=2, P=0.025),
although not when examined per each expression bias separ-
ately (Pag; > 0.05 for each threshold distance; supplementary
fig. ST and table S9, Supplementary Material online). We no-
ticed, nevertheless, significant differences in the relative

presence of paralogs across clusters with different expression
biases, although only at a threshold distance of <10 interven-
ing genes (¢* test of independence with simulated P-value
based on 2,000 replicates; distance <1: X2=7.18, Padj=
0.054; distance <5: X2=8.12, P.qj=0.054; distance <10:
;{2 =12.18, P,qy=0.022). At a threshold distance <10, subse-
quent post hoc tests indicated that paralogs are overrepre-
sented in clusters of genes preferentially expressed during
the larval stage (Pagj=9.0x 1073 and underrepresented in
clusters harboring genes preferentially expressed in adult
males (Pag;=0.039), relative to paralogs present in clusters
of genes preferentially expressed during the pupa stage or
in adult females.

But the absence of reproducible discordances in the re-
presentation of paralogs in clusters of different categories
of developmental stage-regulated genes across threshold
distances does not directly address whether paralogs
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from the same orthogroup and with the same expression
bias are present in a higher number of clusters, or in
more proportion in such clusters, than expected by chance.
To test these possibilities, we performed new sets of Monte
Carlo simulations in which genes were shuffled within
chromosomes, and then the resulting gene clusters, at
the three distances, were inspected for the presence of
paralogs from the same orthogroup. We found that para-
logs are part of more clusters and represent a larger fraction
of genes in such clusters than expected by chance. For ex-
ample, at a distance <1, and considering all expression
biases jointly, 7 to 8 clusters should harbor essentially 15
paralogs whereas the actual number of clusters with para-
logs is 157, which include 446 paralogs. These deviations
from the random expectation are reproducible across
threshold distances and when the expression biases are

considered separately (Pagj< 1.0 x 107> for both metrics;
supplementary table S10, Supplementary Material online).

Paralogous genes with a similar expression bias during de-
velopment also have the potential to contribute to the whole-
chromosome scale enrichments documented. To assess this
possibility, we performed additional Monte Carlo simulations
in which redundant paralogous genes, i.e. those on the same
chromosome and identical expression bias, were omitted.
Two-thirds of the original cases of whole-scale chromosome
enrichment, ten in total, were still significant (Fig. 4a;
supplementary table S6, Supplementary Material online).
This includes all four instances of enrichment for male-biased
genes and three of the five cases of enrichment for pupa-
biased genes in expression. These results stress that the pres-
ence of unrelated genes with identical developmental stage
regulation on the same chromosome is a more relevant factor
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explaining the whole-chromosome enrichment patterns
documented than the presence of paralogous genes with
identical expression bias.

Common Chromosome Features Fail to Explain
Whole-Scale Chromosome Enrichment for Particular
Classes of Developmental Stage-Regulated Genes

We performed a multiple logistic regression analysis to exam-
ine more generally the impact of some basic features of the
D. plexippus chromosomes and their evolutionary dynamics
on the patterns of whole-chromosome scale enrichment for
developmental stage-regulated genes. We considered
chromosome size measured in Mb, chromosome size mea-
sured as number of genes, the number of preferentially ex-
pressed genes, the joint proportion of all types of
developmentally biased genes in expression in relation to
the total number of genes per chromosome, the fraction of re-
petitive sequences per chromosome, and the number of
orthologs identified between D. plexippus and B. mori. We
also included two measures of the rate of chromosomal re-
arrangement: the mere count of disruptions in gene order be-
tween the mentioned species as a proxy for the number of
breakpoints of chromosomal inversions and a second estimate
of this number using a maximum parsimonious approach
(Ranz et al. 2022). And for the sake of completeness, we
also considered the share of developmental stage-regulated
paralogs with the same expression bias that form clusters, as
well as the proportion of paralogs regardless of their specific
expression bias relative to all developmental stage-regulated
genes on the same chromosome as additional predictors. As
expected by the results above, the metrics related to paralo-
gous genes failed to predict significantly whole-chromosome
enrichment patterns. And among the rest of predictors, only
the proportion of developmental stage-regulated genes in ex-
pression per chromosome was found to be significant
(P=9.8x 107% supplementary table S11, Supplementary
Material online). Chromosomes enriched for developmental
stage-regulated genes harbor a 15% higher median propor-
tion of these genes relative to nonenriched chromosomes
(supplementary fig. S2, Supplementary Material online).

Large Gene Expression Clusters Often Include Paralogs
of Different Multigene Families

To better understand the functional and compositional
characteristics of clusters of developmental stage-regu-
lated genes, we targeted clusters including at least one
more gene than the maximum threshold distance, i.e. 11
genes. At the threshold distances of 1, 5, and 10 interven-
ing genes, we found 6, 10, and 15 of such clusters, respect-
ively. To maximize the possibility of identifying robust
patterns of shared properties among constituent genes,
we focused on the clusters delineated at the highest thresh-
old distance (Table 1).

Close examination of the focal clusters clearly substan-
tiated that a fraction of the constituent genes within clusters
shared functional attributes such as their molecular function
(supplementary table S12, Supplementary Material online).
This observation is partially explained by the fact that these
clusters are often populated by paralogs, as it happens for
example with a cluster of 11 genes preferentially expressed
in females that resides on chromosome 2. This cluster spans
68.8 kb, and BLASTP homology searches against B. moriand
D. melanogaster revealed that eight of these genes encode
cysteine proteinases (GO:0004197), all being part of the
same orthogroup (Ranz, Gonzélez, et al. 2021). In other
cases, the clustersinclude a mix of unrelated genes plus para-
logs of different orthogroups. For example, chromosome 717
harbors a cluster of 32 genes preferentially expressed in
pupa, spanning 293.6 kb. BLASTP homology searches re-
vealed that many of these genes encode cuticular-related
proteins (GO:0040003). This cluster accommodates para-
logs from two different orthogroups (12 and 4, respectively)
among other unicopy genes. Likewise, chromosome 22 har-
borsa cluster of 18 genes, spanning 530.7 kb. This cluster in-
cludes many members of the ancient Osiris multigene family,
which encodes plasma membrane proteins relevant for im-
munity and development (Smith et al. 2018) and whose
structural integrity has been documented in several insect
lineages (Shah et al. 2012). Some of the constituent genes
are assigned to different orthogroups.

Further, we evaluated whether the clusters considered
were located on evolutionary stable chromosomal regions
within the Lepidoptera, i.e. those not impacted by chromo-
somal breakpoints fixed between D. plexippus and B. mori
(Ranz et al. 2022). If not located on stable regions, a frac-
tion of the linked orthologs in D. plexippus should map in
different microsynteny blocks, denoting that they are the
byproduct of chromosomal rearrangements, possibly inver-
sions. Eight of the 15 clusters harbor enough genes with
one-to-one orthologs in B. mori as for being evaluated
(Ranz et al. 2022). For five of them, their constituent genes
map on the same microsynteny block, one more cluster ac-
commodates just one breakpoint in a terminal location, and
the other two harbor multiple breakpoints (Table 1). This
accommodation of breakpoints does not seem correlated
with a larger cluster size measured in kb (Pearson’s r=
0.585, P=10.128). For example, the cluster on chromosome
30 (Table 1), the fourth smallest one among the eight clus-
ters, accommodates multiple breakpoints. Our results sug-
gest that at least a fraction of the largest coexpression
clusters in D. plexippus reside in structurally dynamic gen-
omic regions.

Discussion

By exploiting the recently generated ‘omic resources in D.
plexippus, we investigated nonrandom gene distribution
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patterns at fine- and whole-chromosome scales. At a fine
scale, and at three considered threshold distances between
neighboring developmental stage-regulated genes, we
document significant clustering, as previously reported in
Drosophila species (Boutanaev et al. 2002; Spellman and
Rubin 2002; Mezey et al. 2008; Weber and Hurst 2011)
and A. mellifera (Duncan et al. 2020), suggesting a common
property of holometabolous insect genomes. In such clusters,
roughly one-third of the constituent genes are paralogs. This
disproportionate number of paralogs in clusters of develop-
mental stage-regulated genes is compatible with such clus-
ters being unaffected by chromosomal rearrangements. In
some cases, this could be just the result of lack of occurrence
of structural rearrangements (Negre and Ruiz 2007), while in
others, the paralogs would remain nearby because of the det-
rimental effects of separating them if some sort of coordi-
nated regulation exists among some of the paralogs.
Further, most of the largest clusters harbor paralogs from
not one but several orthogroups, as well as unrelated unicopy
genes, which is suggestive of their accrual via chromosome
rearrangements (Wong and Wolfe 2005), a pattern also
documented for particular types of coexpression clusters in
A. mellifera (Duncan et al. 2020). Equally important, the con-
stituent genes of some clusters map onto different microsyn-
teny blocks between D. plexippus and B. mori, reminiscent of
previous observations among Drosophila species (Weber and
Hurst 2011). This begs the question about what fraction of
the similarity in expression trend among the constituent
genes of these clusters reflects bona fide functional coregula-
tion as opposed to incidental coexpression as a result of being
part of the same chromatin domain or preserving identical
cis-regulatory sequences (Meadows et al. 2010; Kustatscher
etal. 2017).

Unexpectedly, we uncovered a conspicuous preferential lo-
calization of developmental stage-regulated genes in roughly
half of the D. plexippus chromosomes. These chromosomes,
as usual in many Lepidoptera, are much smaller in size com-
pared to those of Drosophila species and A. mellifera, raising
the opportunity of some degree of chromosome specializa-
tion. Notably, the relative presence of paralogs in those chro-
mosomes and their tendency of such paralogs to cluster failed
to explain overall enrichment at this chromosome scale. In dif-
ferent species, asymmetrical distributions of sex-biased genes
in expression between the X and the Zheterochromosomesin
relation to the autosomes have been reported. In D. melano-
gaster, it is known the under- and overrepresentation of male
biased on the X and 2L autosome, respectively (Ranz et al.
2003; Assis et al. 2012; Meisel et al. 2012). In D. plexippus,
it is also known the enrichment for male- and female-biased
genes on the anc-Z and autosomes as a whole, respectively
(Ranz, Gonzalez, et al. 2021). The patterns can be explained
by a combination of factors with varying relevance across
lineages: incomplete or absent dosage compensation; hetero-
chromosome inactivation at the onset of meiosis; and sexually

antagonistic alleles (Rice 1984; Wu and Xu 2003; Vicoso and
Charlesworth 2009; Mahadevaraju et al. 2021). Here, by ana-
lyzing each chromosome separately, three autosomes, and
notonly the anc-Z, were found significantly enriched for male-
biased genes while another three autosomes were enriched
for female-biased genes. These patterns could partially result
from sexually antagonistic mutations with different degrees
of dominance (h > 0.5, for those female beneficial; h < 0.5,
for those male beneficial) becoming preferentially fixed on
particular chromosomes. This possibility is not mutually exclu-
sive from other mechanisms such as copy number increase of
sex-biased genes via duplication in particular chromosomes.
When comparing these two gene classes for the mentioned
autosomes, duplication events seem to have a more substan-
tial impact on whole-chromosome scale enrichment for
female-biased than male-biased genes (15 out of 29 female-
biased genes vs. 8 out of 102 male-biased genes; two-tailed
Fisher's exact test, P=7.41 x 1077).

But the chromosome enrichment patterns found here tran-
scend sex-biased gene expression. Therefore, what mechan-
isms might be responsible for the preferential localization of
developmental stage-regulated genes on D. plexippus chro-
mosomes? Synteny conservation in the Lepidoptera could
be a contributing factor (Heliconius Genome Consortium
et al. 2012; Ahola et al. 2014; Hill et al. 2019; Ranz et al.
2022). In the butterfly P. napi, a species in which synteny con-
servation has been eroded by interchromosomal rearrange-
ments, conserved collinear blocks of genes show that such
genes are enriched for particular Gene Ontology terms (Hill
et al. 2019). Similarly, the preservation of an initial gene con-
tentin particular chromosomes of D. plexippus could have en-
abled the subsequent accumulation of regulatory mutations
that shaped the expression profiles of some of the resident
genes. This would have facilitated the establishment of regu-
latory dependencies, with some taking place over long phys-
ical distances (Ghavi-Helm et al. 2014; Kustatscher et al.
2017). This process would have reinforced even further syn-
teny conservation. Taken together, previous observations in
P. napi (Hill et al. 2019), and those here in D. plexippus, sug-
gest the existence of nonrandom patterns of gene organiza-
tion associated with gene functionality at least in some
Lepidoptera.

Whether a mere consequence of synteny conservation or
as reinforcing mechanism, the findings in D. plexippus
warrant further examination across the Lepidoptera, which
will require comprehensive transcriptome atlases in additional
species. Finding pervasive phylogenetic evidence of an
identical preferential chromosomal localization for particular
developmental stage-regulated genes would argue for the
importance of the interplay between gene expression profiles
and chromosome organization across Lepidoptera. Failing to
find such evidence would be indicative of a more phylogenetic
restricted pattern. Further, similar analyses to ours will have to
be extended to genes preferentially expressed during
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embryogenesis as these genes were not part of the transcrip-
tome atlas generated (Ranz, Gonzalez, etal. 2021). Ourresults
not only enhance our understanding on the relationship
between gene expression bias during development and
chromosome function but also open new avenues of inquiry
about what factors might be influencing Lepidoptera chromo-
some organization.

Materials and Methods

Gene Information

Gene information about preferential expression at a particular
broadly defined developmental stage in D. plexippus was pre-
viously determined based on RNA-seq data used to generate a
transcriptome atlas in this species (Ranz, Gonzélez, et al.
2021). Here, we used the lists of preferentially expressed
genes delineated in three of the contrasts performed: Lpoo!:
Other, Ppool:Other, and Sexes (supplementary table 7 in
Ranz, Gonzélez, et al. 2021). These contrasts compared ex-
pression levels from RNA-seq experiments derived from pools
of larvae from three different stages (Lpool: L1, L3, and L5),
pools of pupae from five different stages (Ppool: P1, P3, P5,
P7, and P9), and adult male and female (Mpool and Fpool, re-
spectively) anatomical parts (heads, thorax, and abdomen).
For each pool, aliquots from the different contributing sam-
ples were mixed equimolarly. In the contrast Lpool:Other,
the expression level across larva stages was tested for differ-
ences in relation to the expression across pupa stages and
adult parts. The same logic follows for the contrast Ppool:
Other. From these two contrasts, we retrieved the list of genes
preferentially expressed during the larva and pupa stages,
respectively. In the contrast Sexes, the expression level across
anatomical parts of adult individuals was compared between
males and females. As some genes could be for example
not only pupa preferentially expressed but also male preferen-
tially expressed, we omitted them in downstream analysis.
Therefore, we only included in our analyses those genes pref-
erentially expressed during the larva and pupa stages but not
sex biased during adulthood (1,178 and 891, respectively),
plus those either male or female biased during adulthood
but not peaking in expression during the larva or pupa stages
relative to adulthood (582 and 155, respectively). From these,
2,732 genes were found in scaffolds reliably mapped to the
chromosomes of D. plexippus, thus excluding 4, 56, and 14
genes preferentially expressed during the larva, pupa, and
adult male stages that could not be reliably mapped onto par-
ticular chromosomes (Ranz, Gonzélez, et al. 2021). In the
three contrasts, differential expression between the two con-
ditions under comparison was determined with gmlTreat
(McCarthy and Smyth 2009) within the edgeR package
(McCarthy et al. 2012), thus requesting both a differential ex-
pression higher than a log,(fold-change) of | 1| and a 5% FDR
(Ranz, Gonzélez, et al. 2021). As a result, the genes found to

be differentially expressed show typically log(fold-changes)
higher than the threshold selected. The reproducibility and re-
liability of the expression data associated with the three con-
trasts used here are confirmed by the strong correlation
between biological replicates within the same sample type
(Pearson’s r=0.96, 0.947, 0.981, and 0.972 for Lpool,
Ppool, Mpool, and Fpool samples, respectively) and the correct
clustering of biological replicates in relation to developmental
stage in the multidimensional scaling analysis performed
(supplementary fig. 16b in Ranz, Gonzalez, et al. 2021).

Genesrelated by duplication events, i.e. those parts of the
same orthogroup according to OrthoFinder (Emms and Kelly
2015), were as delineated (Ranz, Gonzélez, etal. 2021) and
are available through Zenodo (Gonzalez-De-la-Rosa et al.
2021). Disruption of microsynteny as a result of chromo-
somal rearrangements occurred during the evolution of
the lineages that lead to D. plexippus and B. mori relied on
chromosome positional information previously generated
(Ranz, Gonzélez, et al. 2021) and provided through Dryad
(Ranz, Gonzalez-De-la-Rosa, et al. 2021).

Functional characterization of genes in clusters was done
by performing BLASTP searches against B. mori, D. plexippus,
and D. melanogaster in Ensembl Metazoa (Cunningham
et al. 2022), as of 2023 March 10, and integrating the exist-
ing functional annotations from the best BLASTP hits docu-
mented, always with E-values lower than 1.0E—05, across
the three species.

Tests of Nonrandom Chromosomal Distribution of
Developmental Stage—Regulated Genes

To determine whether genes preferentially expressed in a gi-
ven developmental stage are distributed randomly across the
chromosomes of D. plexippus, we performed 1 x 10° permu-
tations. In each permutation, we shuffled without replace-
ment the actual chromosomal location of 14,207 coding
and 478 IncRNA annotated genes, whether preferentially ex-
pressed or not (Ranz, Gonzdlez, et al. 2021). The number of
genes per chromosome was kept as in the actual data across
permutations. From the permutations performed, we gener-
ated the expected null distributions for the gene counts of
each chromosome and expression bias combination. Then,
for each null distribution, we recorded in how many permu-
tations the number of genes with a given expression bias was
the same or higher (or the same or lower) than that observed.
The fraction of these permutations in relation to the total
number of replicates was taken as the exact probability of
enrichment (or depletion) of genes with a given expression
bias in each chromosome. Subsequently, the list of 248 (31
chromosomes x 4 expression biases x 2 directions) P-values
was corrected for multiple comparisons (Benjamini and
Hochberg 1995). A 5% FDR was applied to call for whole-
chromosome enrichment (or depletion) of genes with a par-
ticular expression bias. Two additional sets of similar
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simulations were performed by omitting particular genes: in
one, all IncRNAs, and in the other, all redundant paralogs
on the same chromosome, i.e. those showing the same ex-
pression bias, but one, which was chosen at random.

To test for nonrandom patterns of gene organization at
a fine-chromosome scale, 1 x 10> permutations were per-
formed in which gene shuffling was done within each
chromosome. In each of these permutations, we recorded
the number of clusters of developmental stage-regulated
genes and the number of genes in such clusters, allowing
the estimation of the average cluster size and the size of
the largest cluster. This was done at three threshold dis-
tances between adjacent genes in clusters, in which the dis-
tance is measured as the maximum number of intervening
genes (1, 5, and 10). For the indicated parameters, thresh-
old distance, and chromosome by expression bias combin-
ation, we generated the expected null distributions, and
following the above rationale for deviating patterns at
whole-chromosome scale, we determined the probability
of obtaining values equal or higher than those observed
at a 5% FDR. To calibrate the contribution of paralogous
genes on nonrandom patterns of gene organization at a
fine scale, another set of simulations was performed in
which the average number of clusters with developmental
stage—regulated paralogs and the average number of such
genes within clusters were examined.

Statistical Analysis

Permutation simulations, regression analysis, and Xz-based
test for inequality of proportions were performed using
built-in functions in R (R Development Core Team 2016).

Supplementary Material

Supplementary material is available at Genome Biology and
Evolution online.
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